INTRODUCTION

Io is the innermost of Jupiter's four Galilean satellites. The first indication of Io's importance in the Jovian
magnetosphere came from the discovery by Bigg [1964] that Jovian radio emissions are controlled by Io's position. Since that time, further observations have confirmed that Io has unusual properties. The first spacecraft to fly through the Jovian magnetosphere was Pioneer 10. Although no in situ measurements were made near Io, the Pioneer 10 radio occultation experiment found evidence for an ionosphere surrounding Io [Ifliore el al., 1974]. Ground-based observations of sodium near Io [Brown, 1974; Traflon el al., 1974; Mekler and Eviatar, 1974 ] revealed that Io is a source of neutral particles. Subsequent observations have shown that clouds of neutral potassium, oxygen, and sulfur are present near and flow parallel to the magnetic fidld, so effects such as those produced by slow mode waves were•not included.
In this paper we focus on the flow of the torus plasma in the immediate neighborhood of Io using three-dimenframe, the reflected Alfvdn wave returns downstream sional MHD simulations. Such simulations have been of Io. When Io is near the edge of the plasma torus, a direct interaction could still occur [Neubauer, 1980] ; however, when Io is located deeper within the torus, the flow of the plasma past Io produces a "local" interaction, i.e., one in which the perturbations produced at Io are purely radiative, and the Jovian ionosphere does not directly influence the flow in the vicinity of Io. Models developed after the discovery of the torus plasma have concentrated on the local interaction, as we do in our simulations. Io). Some of our principal results from these simulations (e.g., effects of the slow mode and of mass loading) have been reported elsewhere [Linker et al., 1988; Linker et al., 1989 ]. Here we provide details of the simulation method (in particular, the solution of the MHD equations in spherical coordinates) as well as a description of the general features of the interaction. We describe the plasma properties including density, pressure, and flow velocity near Io and the Alfvdn wing, and we identify the magnetic field topology and the patterns of current flow in and near the Alfv•n wing. We also show the nonlinear effects of slow and fast mode perturbations on the plasma properties, and the resultant changes that occur ductmtce, the flow electric field at Io is largely unaf-in the Alfvdn and sound velocities near Io. fected. If Io's conductance is much greater than the Alfvdn conductance, the flow electric field is nearly shorted out at Io. Io's o•nductivity brings the flow to a halt.
In describing the local Alfvdn wave interaction at Io
Detailed models of the standing Alfvdn wave pattern near Io have been derived. Neubauer [1980] extended the work of Drell et al. [1965] and developed a nonlinear, analytic solution for the Alfvdn wings far away from Io. Wright and Southwood [1987] examined the topology and closure of the perpendicular current system and its relation to the field-aligned currents.
While these papers describe the Alfvdn perturbations
In this paper we do not consider the possibility that Io has an intrinsic magnetic field, although it is not ruled out by observations [Neubauer, 1978 
Solving the MHD Equations in Spherical Coordinates
Equations ( Allowing the field to diffuse all the way through the sphere presents us with the problem of dealing with the singularity in the equations at r = 0. However, only the magnetic field is calculated inside the sphere, so we avoid this singularity by calculating B everywhere except at r -0, and then calculating B at r-0 using X7. B-0. The resistivity, r/, for the sphere is determined by requiring that the integrated conductivity of the sphere match the value for the integrated conductivity of Io's ionosphere. In the simulation the resistivity changes over 3 radial grid points near Io from the value which represents Io's resistivity to a smaller background value used throughout the simulation region in order to maintain numerical stability. The region of changing conductivity, plus the conductivity of the sphere itself, is used to mimic Io's ionosphere.
In contrast to the inner boundary at Io's surface, the outer boundary of the simulation is a computational boundary; it is required because of the finite size of the computer. Over some portion of the outer boundary it is necessary to specify the upstream conditions (representing the background flow), while for the rest of the outer boundary, conditions that are "free" (allowing inflow or outflow) are preferable. A somewhat arbitrary decision The free boundary condition was implemented by setting Ou/Or = 0 at the boundary, where u represents any simulation variable. Increased resistivity was introduced for several grid points around the entire outer boundary to damp out any wave reflections. To ensure that our outer boundary did not produce unphysical effects, we ran several simulations with the outer boundary moved from r = 10 to r = 15 Io radii, and found no qualitative changes in the results described here.
We did not directly impose any symmetry on the solutions via the boundary conditions in the simulation. However, the initial conditions we used in the simulation imply that the scalar variables (p, P/p•) must be symmetric and the vector quantities (•', B) must be either symmetric or antisymmetric, depending on the quantity and the symmetry plane considered. Verification that the solutions displayed the required symmetries served as a useful check on the calculation. 
The Alfvgn Wing
As described in the introduction, the formation of the Alfvdn wing is a fundamental property expected from both analytic theory and observations for the interaction of the torus plasma with Io, and a feature we expect to see in the simulation. We first examine the magnetic field. The fast mode perturbation shown in Figure 11 is much weaker in amplitude than the slow mode; this may be related to its more rapid propagation speed that can spread disturbances out more efficiently. Although the coordinate system of the calculation makes determining the "width" of the fast mode signature difficult, it appears to be more closely (but not completely) confined to the yz plane than the slow mode perturbations (which have approximately the same dimension as Io).
In fact, because the largest amplitude of the disturbance occurs far away from both Io and the equatorial plane, the resolution of the simulation results presented here does not allow us to rule out the possibility that if much higher resolution results were available, we would find that the fast mode was almost exclusively confined to the yz plane alone, and that for the real interaction the fast mode signature might only occur over an infinitesimal region of space. However, we do not believe that this is the case. The fast mode signature is likely to arise only near those flux tubes whose field lines diffuse directly into Io's ionosphere (as opposed to those that are advected around it), but these flux tubes should constitute a finite region of physical space (albeit one that is smaller than Io's diameter).
While we have generally used linear arguments to explain the simulation results, the perturbations occurring in the simulation are clearly nonlinear. Figure 12a shows the Alfv4n speed (VA) in the yz plane for the MA --0.5, MS -1.0 simulation; Figure 12b shows the sound speed (CS) for the same case. Because the density decreases and the magnetic field increases in the rarefaction region, the Alfv4n speed increases. The pressure decreases in the rarefaction region faster than the density, so the sound speed decreases there. In the pressure enhancement region behind Io, the sound speed increases slightly, and the Alfv4n speed remains relatively fiat. In this paper we have described results for simula- 
